Abstract-A technique for in-situ hydrothermal synthesis of transversely suspended zinc oxide nanowires (ZnO NWs) using microfabricated heaters is presented. A number of issues relating to seed layer preparation, directed alignment, local heating control, and the concentration of the synthesis solution are investigated for this method. It is shown that ZnO NWs can be synthesized and aligned from the ZnO seed surface to bridge two adjacent microheater elements. Moreover, hybrid ZnO nanotubes and nanorods are also synthesized by controlling the concentration of the synthesis solution employed. The crystalline structure of synthesized ZnO nanostructures are characterized by the transmission electron microscope and selective area electron diffraction. Finally, ZnO NW devices based on proposed microheater synthesis approach are characterised for UV photoresponsivity demonstrating the potential of this approach to address practical device applications.
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I. INTRODUCTION
A variety of research has reported the performance of onedimensional (1D) ZnO NW devices based on exceptional device properties [1] . The piezoelectric, optical and semiconducting properties of ZnO nanowires have been utilised to create electrically actuated high frequency nanowire resonators [2] , transistors, chemical sensors and energy harvesting devices. The most commonly adopted approach for fabricating ZnO nanowires is the remove-disperse-align technique [3] . In this method, ZnO NWs are first separately synthesized on a growth substrate and then trans-located onto a device substrate. In most instances, this process requires precision pick-and-place alignment or other directed assembly techniques to integrate the nanowires onto specific locations for device applications [4] .
Previous work has demonstrated the possibility of synthesizing transversely grown ZnO NWs directly on SOI substrates [5] . In this approach the nanowires were grown in a furnace at 800-915°C using the vapor-solid approach using an ALD deposited thin-film ZnO seed layer. However, in applications requiring co-integration of nanowires together with CMOS, the high temperatures required for synthesis may not be compatible with the material stack on the device substrate.
A number of methods to integrate top-down [6] and bottomup [7] nanofabrication approaches [4] have been proposed to address these technical limitations. Among the approaches proposed, the integration of local synthesis or directed alignment has been previously realized by using microfabricated devices. Microheater units [8] can be utilised in the MOCVD synthesis process for synthesizing ZnO nanostructures [9] -however, this still exposes the chip to high temperatures during the synthesis process. To avoid high temperature synthesis, CVD combined with a laser ablation approach has been studied for the fabrication of ZnO nanostructures at low temperature and low pressure [10] . ZnO nanostructures grown by using wet chemical synthesis processes have also been previously employed and previous work includes a room ambient sonochemical process to synthesize ZnO nanowires for fabricating UV photodetectors and gas sensors on amorphous substrates [11] . Similarly, other research reported directional control by using dielectrophoresis-driven assembly to position nanoparticles for ZnO NWs growth by low temperature hydrothermal synthesis [12] . Both presented methods show that the in-situ technique based on microfabricated reactor elements has potential to precisely control and synthesize nanomaterials for fabricating nanowire devices.
In this paper, we report a simple and repeatable ZnO NWs synthesis and alignment approach in aqueous solution using platinum (Pt) planar microheaters [13] . Fig. 1(a) provides a schematic illustration of the ZnO NWs synthesis device. As shown in Fig. 1(b) , each device on this platform consists of a pair of microheaters, composed of an electroresistive Pt layer, connected with two separate conductive gold (Au) wires. The input power can be applied via the Au conductive wire to the Pt electroresistive microheater to generate local heating for forming an oxidised ZnO seed layer and synthesising ZnO NWs as illustrated in Fig. 1(c) and (d). Fig. 1(c) presents the first step and the Zn layer is oxidized using microheaters located directly below the layer in the ambient environment. Then, horizontally grown ZnO NWs emerge from the sidewall of the oxidised ZnO seed surface based on the same local heating under a hydrothermal synthesis approach, as illustrated in Fig. 1(d) . During the synthesis process, a combination of electric field and SiO 2 constraining layer directed alignment is utilised to control the direction of nanowire growth. We propose that this method has the potential to rapidly and locally synthesize nanostructures in-situ on silicon substrates without the need for assembly processes.
II. EXPERIMENTAL DETAILS
Nanowire synthesis is governed by factors that include the energy input required for synthesis, precursor materials for growth, and defining the growth texture of the substrate. To obtain a desired nanofabricated device with defined geometry, morphology and material properties, these parameters have to be controlled precisely during the synthesis process. For example, in hydrothermal synthesis, the morphology, length and diameter of synthesized ZnO NWs are mainly influenced by the reactant concentration (precursor), heating temperature (synthesis energy) and surface conduction of seed layer (growth texture). In this research, the growth of ZnO NWs is based on the hydrothermal synthesis method. For synthesising well-controlled geometries of ZnO nanostructures, optimisation of the growth parameters for hydrothermal synthesis is necessary [14] . Therefore, several issues, including the condition of the seed layer and local heating, are studied to discover optimized synthesis parameters as described below.
A. Fabrication and Characterisation of Microheaters

1) Microheater Fabrication:
Several microfabrication processes were utilized to construct the microheater devices and the fabrication process is illustrated sequentially in Fig. 2 (a) to (h). As described previously [15] , the process commences with fabricating the Cr/Au conductive wires as shown in Fig. 3(a) . The thickness of Cr and Au layer are around 20 and 200 nm, respectively. The conductive Au wire is embedded within the SiO 2 layer to eliminate the step coverage effect. Then, photolithography and dry processes are utilized to pattern the multilayer, including Ti, Pt, Cr, Zn and SiO 2 , for microheater fabrication, as illustrated in Fig. 2(b) and (c). Similar processes were repeated to produce the cover layer for isolating the synthesis solution from contact with microheaters.
2) Characterization of Microheaters: In conventional hydrothermal synthesis, a synthesis temperature of 90°C is frequently used for ZnO NWs. In this work, the microheater devices are first characterized to establish a temperature-power database to meet this requirement. The microheater devices are operated by applying voltages from 0 V peak-to-peak (V pp ), 10 kHz to 10 V pp at a voltage ramp rate of 0.1 V/s under ambient conditions. An infrared camera (TVS-500EX, NEC) with 18.5 μm mapping resolution and microlens is used to measure the generated temperature profile. The chip was placed on a commercial XYZ stage under ambient environment and measurements were conducted inside a light-insulated enclosure. Fig. 3 (b)-(d) shows measured temperature distribution images by applying 4, 6 and 10 V pp and the results for temperature distribution in the microheater zone are then tabulated. As can be seen from the measured temperature distribution, due to a high thermal conductivity of Pt and Au materials, the generated heat is rapidly conducted to the entire microheater surface and to the Au conductive wires. However, this issue can be partly mitigated by adopting low thermal conductivity constraining layers such as SiO 2 or Si 3 N 4 . Therefore, ZnO NWs are only synthesized at the edge of the microheaters as a result. 
B. Growth-Texture Seed Layer
Numerous seed layer materials have been previously utilised to provide the necessary conditions for nanostructure synthesis. The roles of the seed layer material are to provide the starting textured substrate as a grain-growth template for nanostructure synthesis. Normally, the geometries of the synthesized 1D nanostructures are based on the growth surface condition of the seed layer, such as the grain size, grain distribution, grain boundary and deposited surface roughness and uniformity. Nanostructures are basically grown from the grains of the seed layer so that the diameters of nanostructures are determined by the surface conditions of deposited seed layers. Our previous experiments show that the smaller the size of the nucleated ZnO seeds, the thinner the diameter of the synthesized ZnO NWs [16] . On the other hand, the desired crystallographic orientation can be determined by the seed layer and this crystallographic orientation can provide an epitaxial growth surface condition during nanostructure synthesis. Then, the nanostructures are synthesized along with this determined growth orientation.
1) Deposition of the Zn Layer:
In the hydrothermal synthesis approach, ZnO (in nanoparticle and thin film formats), are commonly utilised as seed layers for ZnO NWs synthesis. In this paper, we proposed an oxidation method using microheaters to form a suitable epitaxial growth surface and create fine grains of nucleated ZnO seeds for ZnO NW synthesis [16] . The first step is to deposit a Zn layer on the Pt microheater layer. By considering two mentioned requirements, a fine grained and desired crystallographic orientation on a smooth seed layer surface is necessary. Several deposition conditions are studied for a good quality Zn layer. The employed RF sputtering powers commenced from 45 up to 300 W under 0.5 Pa chamber pressure and 8 sccm of Ar gas. The deposition rate and surface roughness relative to the sputtering power are shown in Table I . The average thickness of the deposited Zn layer was measured from three selected positions on five different samples and the Fig. 4 (a)-(d) shows the surface morphology of each deposited Zn layer using 300, 100, 70 and 45 W sputtering powers, respectively. As can be seen from Fig. 4(a) and (b) , the SEM pictures clearly show that the shape of the grain size is hexagonal which means the Zn layer is oxidised during the deposition. There is no hexagonal ZnO structure synthesised by using the 70 and 45 W deposition power as shown in Fig. 4(c) and (d) .
To investigate the hexagonal structure, we utilised the Raman Spectrum to identify the layers, which are deposited by using 300 and 200 W powers, where there are two broad peaks presented in the range of 300-450 and 550-600 cm −1 , as presented in the corresponding measurement shown in Fig. 5 . These regions attribute to ZnO peaks [17] Table I and Fig. 4 . be occurred during the deposition process. Similarly, the Zn layer deposited at 100 W power still shows evidence of oxidised ZnO nanostructures and also some low signal peaks (blue line) revealed in these two regions. Therefore, the applied sputtering power to deposit the Zn layer should be less than 100 W. This also can be supported by the measured Raman spectrums and the sputtering power of 70 (red line) and 45 W (black line) have a smooth and obvious Zn peak at 566 cm −1 and there is no obvious ZnO peaks revealed for these cases.
Although decreasing the sputtering power can reduce the growth of oxidized ZnO NWs during the deposition process, low deposition power does not enable sufficient adhesion for the deposited Zn layer. As revealed in Fig. 6(a) , (c) and (d), the initial Zn layer deposited by using 40 W sputtering power was oxidized by applying an 8 V (0.8 W) heating voltage and 30 V bias voltage between two microheaters to form the ZnO seed layer. However some catenarian Zn nanostructures, confirmed through SEM and EDS, as seen from the images in Fig. 5(a)-(b) , form between two microheaters after the oxidation process. Zn nanoparticles might move from the deposited Zn layer and locate in the ground substrate driven by the electric field. To consider the trade-off between the issues of oxidation and adhesion, a sputtering power of 70 W was utilised for the Zn layer deposition in this research. Fig. 7 (a) presents the formation of oxidized ZnO seed layer by operating the microheaters under ambient conditions. The reaction of zinc ions and oxygen starts from the Zn top surface progressing to the bottom of the layer. By using this method, the fine grain size and ZnO nuclei can be grown on the surface of the oxidised ZnO layer. This research investigated oxidation of a variety of Zn layer thicknesses, ranging from 50 to 500 nm. Then, we tested the oxidized ZnO seed layer under hydrothermal synthesis methods for locally growth ZnO NWs. Fig. 7(b) -(c) demonstrates two different thicknesses of ZnO seed layers that are oxidised by applying 10 V pp , 10 kHz under ambient conditions for 10 min. Next, the whole device is immersed into 20 mM of zinc nitrate and HMTA solution and 4 V pp , 100 kHz heating voltages are applied to the microheaters for 90 min to synthesize the ZnO NWs. As can be clearly seen from the SEM pictures in Fig. 7(b) -(c), ZnO NWs are fully grown and uniformly synthesized onto the entire oxidised ZnO seed surface. Therefore, this experimental result proves that oxidation by using a microheater-based approach is feasible. An oxidised ZnO seed layer with nanoscale features can be also achieved by this proposed microheater-heating method.
2) Preparation of Oxidised ZnO Seed Layer:
C. Synthesis of Transversely Suspended ZnO NWs 1) Constraining Layer:
In this paper, various thicknesses of SiO 2 , ranging from 25 to 500 nm, are deposited onto the oxidised Zn layer as a constraining layer for controlling the growth direction. The SiO 2 constraining layer is utilized to prevent the growth of ZnO NWs in the vertical direction. The topside of the Zn surface is isolated from the synthesis solution so that ZnO nanostructures are only synthesized on the exposed sidewall area. Fig. 8 from (a) to (d) show SEM images of the oxidised ZnO seed layer covered by a 25, 50 and 100 nm thick SiO 2 layer and the oxidation follows the same process as presented in Fig. 7(b)-(c) . Then, these devices are dipped into the synthesis solution for 2 h for synthesis by the conventional hydrothermal method. As can be seen from Fig. 8(b) -(c), 25 and 50 nm thick SiO 2 does not provide sufficient isolation to prevent ZnO NWs synthesis. The SiO 2 layer is peeled off by synthesized ZnO NWs that may result due to a non-conformal SiO 2 layer deposition and pinholes present in the constraining layer. The synthesis solution can react with ZnO seed layer via these pinholes to grow ZnO NWs ultimately resulting in peeling off the entire SiO 2 layer. A 100 nm thick SiO 2 layer is sufficiently constraining and is found to prevent ZnO NWs synthesis in the vertical direction as shown in Fig. 8(d) . The ZnO NWs grow on the sidewall region of the oxidised ZnO seed surface in this case.
2) Electric Field Assistance: A further alignment approach is to set up an electric field to control the direction of nanowire growth between the two microheaters during the synthesis process. By using the parameters discussed above, the device covered by a 100 nm constraining SiO 2 layer is first oxidised to form a ZnO layer and dipped into the synthesis solution. Next, the heating voltage is set to 6 V pp applied between the two microheaters and the frequency is varied 10 kHz, as shown in Fig. 2 , to the left microheater. The 6 V pp bias voltages with a set of frequency, including 10 kHz, 100 kHz, 1 MHz and 10 MHz, are applied between two microheaters. Fig. 9(a) and (b) show the synthesized ZnO NWs by applied 6 V pp , 10 kHz and 6 V pp , 1 MHz bias voltages, respectively. As can be seen from the SEM pictures, the ZnO NWs growth starts from the left side to bridge the gap between two microheaters after 50 min. The higher the frequency of the applied bias voltage the smaller diameter of the resulting nanowires. Although the above experiment shows that the 100 nm SiO 2 constraining layer can prevent vertical ZnO NWs synthesis, there is still some peeling of the constraining layer that is observed. Therefore, the heating voltage is decreased to 4 V pp 10 kHz and the bias voltage is increased to 10 V pp , 10 MHz. However, ZnO nanostructures are still gradually grown on the top surface of microheaters during an hour synthesis, as shown in Fig. 7(c) . Then the synthesized ZnO nanostructure aggregates to a ZnO ball with an emerged single ZnO NW.
III. RESULTS AND DISCUSSION
A. Testing of Oxidized Seed Layer in the Sidewall Region
The thickness of the constraining SiO 2 layer is increased to 500 nm for a further series of experiments. The Zn layer is oxidised to create the ZnO seed layer in a manner identical to the earlier protocol. The diffusion of oxygen and zinc ions starts from the uncovered sidewall of the Zn surface and then the oxidised ZnO seed layer is created, as illustrated in Fig. 10(a) . After a 10 min oxidation process, few regions of constraining SiO 2 are randomly removed by physical etching. Next, the whole device is dipped into the synthesis solvent and the 4 V pp 10 kHz heating voltage is applied to the both microheaters for 15 min synthesis. As can be seen in Fig. 10(b) -(e), ZnO NWs grow only on the sidewalls and oxidised ZnO areas where the constraining SiO 2 has been removed. Furthermore, it clearly shows that the density of synthesized ZnO NWs in the apex part of the microheater is decreased from the tip to the root regions of the electrodes. This clearly is qualitatively consistent with the fact that the density of ZnO NWs is based on the applied heating voltages and times, as shown in Fig. 10(d) and (e) .
B. Experiments of ZnO NWs Synthesis Using Microheaters
After the oxidation process, the same parameters are used and experiments are repeated. The synthesized nanowires at time intervals of 1, 2 and 6.5 h are shown in Fig. 11(a), (b) and (c), respectively. Both microheaters are operated by applying 4 V pp , 10 kHz heating voltage and a further 10 V pp , 10 MHz bias voltages is set to simultaneously align the grown ZnO NWs between two microheaters. After 6.5 h synthesis, the 500 nm thick SiO 2 constraining layer can still prevent the ZnO NWs being synthesized on the top surface of microheaters. As can be seen from Fig. 11(c) , the growth of ZnO NWs can be controlled well by using this hybrid approach and ZnO NWs are synthesized from the sidewall of the oxidised ZnO seed layer to form transversely suspended nanowires between the two microheaters. Furthermore, the synthesized ZnO NWs are physically in contact as seen in the intermediate section SEM detail in Fig. 11(c) . However, there is still some peeling at the edge of constraining layer, as shown in Fig. 11(c) . This might be caused by the increasing diameter and fresh growth of ZnO NWs over time but it is possible to be eliminated by various treatments, such as reducing the thickness of the ZnO seed layer, adding a capping solution to restrict increase in lateral nanowire dimension and by lowering the concentration of the synthesis solution.
We also tested a single microheater for the synthesis of ZnO NWs without applying the electric field assistance approach. The ZnO NWs presented in Fig. 12(a) are synthesized on by applying 4 V pp , 10 kHz heating voltage under 20 mM of zinc nitrate and HMTA solution for 8.5 h. By comparison with Fig. 12(b) , there is no dramatic length increase after 17 h synthesis. However, the ZnO NWs morphs into ZnO rods as the diameter progressively increases. Furthermore, several ZnO seed grains result on the tip of the ZnO rods towards the end of the process and new ZnO nanostructures grow from these regions, as can be seen in Fig. 12(b) . Unfortunately, it shows that thin SiO 2 constraining layer could not sufficiently prevent vertical growth of ZnO NWs and peeling occurred from the edge after a long synthesis time. Then, ZnO NWs were synthesised almost on the whole surface of the oxidized ZnO seed layer. Moreover, rough nanocrystalline ZnO seeds anchored on the SiO 2 substrate near the microheater patterns during hydrothermal synthesis.
To investigate the phenomenon of hybrid nanorod synthesis, different concentration-dependent synthesis experiments were conducted. Fig. 13(a) and (b) provide TEM images of synthesized ZnO nanostructures. The synthesized ZnO nanostructures in Fig. 13(a) and (b) are synthesized under the 20 and 5 mM of the zinc nitrate and HMTA solution for 3 h, respectively. The low concentration solution is used to simulate the synthesis reaction in the last few hours, as for the experiment presented in Fig. 12(b) . Similarly, several new ZnO seed grains and nanotubes are synthesized on the tip surface of nanorods, as can be seen from Fig. 13(b) . These hybrid ZnO nanotubes and rods are synthesized corresponding following Zn concentration decrease in the synthesis solution. Furthermore, it also clearly shows that the aspect ratio of the synthesized ZnO NWs is affected by the concentration. From the TEM and selected area electron diffraction (SAED) measurements, the crystalline structure of the synthesized ZnO NWs and hybrid ZnO rods with nanotubes can be categorized as hexagonal Wurtzite structure and space group-186.
C. Device Case Study
ZnO NWs are sensitive to UV light and this property can be exploited for several applications, such as in photodetectors and chemical sensors. Fig. 14(a) and (b) demonstrate results obtained from I-V characterisation and UV photoresponsivity of the ZnO NWs fabricated using the approach outlined in this work. The I-V property of the device was characterized for bias voltages ranging from −1 to 1 V under ambient conditions. In the dark condition, the I-V curve was slightly asymmetric and nonlinear, originating from the existence of barriers between the Ti/Pt electrodes and the ZnO NWs [18] . The I-V response showed a current increase from 0.5 to 0.8 mA, and then to 1.5 mA at 1 V bias voltage, as the device was subjected to UV radiation of wavelength equal to 254 and 365 nm.
Two more devices (with differing synthesis times of 90 and 180 min, respectively) were separately tested under the same UV (λ = 365 nm) illumination system to characterize photoresponse times, repeatability and response stability over time. Fig. 14(b) presents the response of the two devices where device current is measured as a function of time, when the 365 nm UV light is periodically switched on and off.
IV. CONCLUSION
This paper presents an approach towards the in-situ synthesis of ZnO nanostructures based on microheaters. Several issues, including seed layer preparation, local heating synthesis, constraining-layer and electric field directed alignment, and the concentration of synthesis solution, are investigated to optimize the synthesis procedure. As demonstrated in Fig. 11(c) , transversely suspended ZnO NWs are synthesized and aligned by using this combinative approach between two microheater elements in aqueous solution. Optimal heating and alignment voltages are found (4 V pp , 10 KHz and 10 V pp , 10 MHz, respectively) for synthesizing the bridged ZnO NWs and the synthesis is operated under 20 mM of zinc nitrate and HMTA solution for 6.5 h.
With regard to ZnO seed layer preparation, the appropriate parameters to deposit the initial Zn layer for oxidation to create a ZnO seed layer is 70 W for sputtering resulting in a fine roughness of Zn surface without compound ZnO nanostructures. Then, the Zn layer is fully oxidised by the 10 V pp , 10 KHz applied heating voltage for 10 min in the ambient. ZnO NWs are directly synthesized on the oxidised ZnO seed surface by applying 4 V pp , 100 KHz heating voltage under 20 mM of zinc nitrate and HMTA solution for 90 min.
Additionally, various thicknesses of SiO 2 constraining layer are studied to constrain ZnO nanowire synthesis to the horizontal direction. To ensure appropriate physical isolation during the synthesis process, the thickness of constraining layer needs to be increased up to 500 nm to operate under the required temperatures. Moreover, an electric field alignment approach is utilised to simultaneously assist ZnO NWs synthesis along with the horizontal direction.
Synthesis is carried out under 5 and 20 mM of zinc nitrate and HMTA solution respectively to correlate synthesis conditions to the geometry of the synthesized ZnO nanostructure. During the 17 h synthesis, several nanotubes and tiny ZnO grains are found to grow on the tip surface of nanorods. TEM and SAED analysis reveal the crystalline structure of the synthesized nanorods and hybrid nanostructures as hexagonal Wurtzite structure and spacing group -186.
Finally, ZnO NW devices fabricated using this approach were characterized as UV photodetector elements. Preliminary experiments were conducted to characterize I-V response and UV photoresponse under ambient conditions demonstrating the feasibility of the fabrication approach to address practical device applications.
